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transition. Two configurations are examined, for linear- and 
circular-polarized laser radiation, with the applied magnetic 
field collinear to the laser light wavevector. We describe the 
peculiarities of the Hanle signal for linearly-polarized laser 
excitation, characterized by narrow bright resonances at low 
laser intensities. The mechanism behind this effect is identi- 
fied, and numerical solutions for the optical Bloch equations 
are presented for different transitions. 

PACS: 32.80.Qk, 32. 80.-t, 32.80. Bx 



I. INTRODUCTION 

Low frequency coherences, between Zeeman or hyper- 
fine split levels, play an important role in laser spec- 
troscopy and quantum optics. Phenomena as coherent 
population trapping Q, electromagnetic- induced trans- 
parency Q , laser without inversion || , nonlinear suscep- 
tibility and refractive index enhancement Q, steep dis- 
persion ||, ultra- low group velocity propagation |6| al- 
low us to realize a coherent control of the absorptive and 
dispersive properties of an atomic vapor. Zeeman coher- 
ences are also a basic ingredient of sub-Doppler |j and 
sub-recoil (^] laser cooling mechanisms. Very recently an 
experimental and theoretical investigation of a multilevel 
atomic system with two optical fields have revealed a new 
coherent feature of electromagnetic enhanced absorption 
||. The combined action of the two coherent optical 
fields produce a low frequency Zeeman coherence that in- 
creases the atomic absorption. The subnatural linewidth 
of the resonance observed scanning the frequency differ- 
ence between the two optical fields is determined by the 
coherence relaxation rate. In this work we investigate 
a closely related enhanced absorption associated to the 
low frequency Zeeman coherence in a degenerate two level 
system and detected in a Hanle effect configuration. 

In the original Hanle effect |l(],[ll} , the resonance fluo- 
rescence of an atomic sample is depolarized by an applied 
magnetic field as result of the destruction of the excited- 
state Zeeman coherences. In that case the Hanle reso- 
nance width is the natural linewidth of the excited state. 
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In the case of the Hanle effect in the ground state 
the width of the Hanle signal is limited only by the rel 
ation rate of the ground state and subnatural resonances 
can be realized. The low-frequency coherences result also 



in the modification of the total fluorescence intensity, and 
Hanle resonances of both negative and positive sign have 
been observed. 

The case of a F g — > F e — F g , F g — 1 transition has been 



extensively studied |13|-|I6| and more recent work |L7 18 
has pointed out the strict connection between Hanle ef- 
fect on these transitions and coherent population trap- 
ping. For zero magnetic field the atoms are optically 
pumped into a nonabsorbing (or dark) state. An applied 
magnetic field destroys the nonabsorbing state and pro- 
duces an absorption with a linewidth determined by the 
relaxation rate of the created Zeeman coherence. Thus 
the Hanle effect in the ground state of an atomic system 
appears as a decrease in the atomic absorption, with a 
minimum centered at zero magnetic field and a linewidth 
determined by the relaxation rate of the ground state 
coherences. However anomalous Hanle effect lineshapes 
may be observed under different experimental conditions. 
For instance, for the transition 2 — ► 1 in neon the circu- 
lation of Zeeman coherence between excited and ground 
states produced an inversion in the sign of the Hanle ef- 
fect, with an increased absorption at zero magnetic field 
@ 



The study of the Hanle effect on a F g 



F e =F + l 



transition leads to different results depending whether 
the considered transition is open or closed. For the open 
F g = 1 — ► F e = 2 transition of the sodium Di line under 
resonant laser excitation, the fluorescence profile is given 
by a nearly Lorentzian curve p8| . On the other hand, 
in the case of the closed F g = 2 — > F e = 3 transition 
of the sodium D2 line line, narrow resonances of positive 
sign have been observed superposed to the homogeneous 
broadening Lorentzian profile ]2C| ]. Similar observation 
have been reported also by Fischer and Hertel H], who 
explained the effect as a disturbance of the optical pump- 
ing process by the Larmor atomic precession. Those au- 
thors connected the linewidth of the fluorescence increase 
to the pumping time, but they did not perform a line- 
shape investigation. Very recently experimental results 
of an enhanced absorption in rubidium atoms excited by 
diode lasers on F g — ► F c = F g + 1 transitions have been 
obtained by two different groups |^,|3| . 

Narrow enhanced-absorption Hanle effect lineshapes 
have been observed also for in molecules j24]], but the 
mechanism of their production has not been completely 
defined. 

In the present work we analyse the ground-state Hanle 
effect on a closed F& — > F c = F e + 1 transition, with 
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the standard configuration of an applied linear-polarized 
laser radiation and magnetic field collinear to the laser 
light wavevector. We describe the peculiarities of the 
Hanle signal for a closed atomic transition, and iden- 
tify the mechanism responsible for narrow bright reso- 
nances at low laser intensities. We provide a connection 
with the laser cooling processes where ground state co- 
herences play an important role. We derive the lineshape 
for enhanced absorption Hanle effect with linewidth de- 
termined by the ground state optical pumping time. We 
investigate the bright resonance in the Hanle effect either 
detected in the fluorescence emission from the absorbing 
atoms, as in the experiment of Ref. |^2| , or detected in the 
light transmitted through the absorbing medium. Sim- 
ilar constrasts for the bright resonance are obtained in 
the two detection schemes. 

The paper is organized as follows. In Section II the 
theoretical basis of the Optical Bloch Equations (OBE) 
is introduced. Section III presents an analytical solution 
of the OBE valid in the limit of weak applied laser electric 
field. The analytical approach allow us to derive an ex- 
pression for the enhanced absorption lineshape. Section 
IV presents numerical solutions valid for different atomic 
transitions. Finally, in Section V conclusions are drawn. 



II. OPTICAL BLOCH EQUATIONS 



We consider atoms illuminated by a linearly polarized 
laser light, resonant with the F g — > F e transition of the 
D2 line. As in the standard Hanle effect configuration, 
a static magnetic field B can be applied collinear to the 
laser light propagation, the Oz direction. The laser elec- 
tric field propagating is given by 

8. 



E(z,t) = -t x e l{kz -^ + c.c. 
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with ej the unit vector of the j polarization. For compar- 
ison, also the case of circularly polarized laser light (say 



E(z,t) = ^e a+ e l{kz -^ + c. 



(2) 



will be examined. In writing the optical Bloch equations 



p=^-[H,p\+1lp 
in 



(3) 



we consider only the contribution to the relaxation op- 
erator 1Z due to the spontaneous emission (index SE). 
By choosing the quantization axis parallel to the mag- 
netic field, the OBEs have the following form (\ej) = 
\J e ,I,Fj),\ 9j ) = \J g ,I,F g ,j)): 
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The quantities w aji a, with a, (3 = (e,<?), represent the 
frequency separation between the energies of levels cti 

and (3j, 



(5) 



where the energy for the Zeeman level of the ground or 
excited state with quantum number m„ including the 
Zeeman splitting due to the applied magnetic field, is 
given by 



E ai = 5 ate huj + g a p B m l B. 



(6) 



Here g a represents the gyromagnetic factor of the ground 
or excited state, and pb the Bohr magneton. T is the 
total spontaneous emission rate for any excited level, 
Tp^p denotes the spontaneous decay rate on the F e — > 
F g transition and a.Fe—>F g -,F , the ratio between the spon- 
taneous decays on the F e — > F g > and F e — ► F g transitions. 
This ratio is given by 
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V ek <g . , the matrix element of the atom-laser interaction 
Hamiltonian for linearly polarized laser radiation, in the 
dipolc and rotating wave approximation is given by 



V ek , 9j = ~~{ek\d- e x \gj)e~^ = 



efe|d + i + d-i\gj)e~ 
(8) 



The matrix elements of the spherical components d q (q - 
0, ±1) of the electric dipole moment can be written as: 



< J e ,I,F e ,M e \d q \Jg,I,Fg,Mg >=©(-!) 
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where V = (J g \ \d\\ J e ) is the reduced dipole moment, hav- 
ing indicated with round and curly brackets the 3j and 
6j symbols respectively. The Rabi frequency Or asso- 
ciated to the strongest electric dipole moment for the 
F g — ► F e = F g + 1 transition is given by 
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The spontaneous emission repopulation terms for the 
density matrix evolution are 
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To eliminate the fast oscillation with the laser frequency 
u) we introduce the quantities p and V defined as: 
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Thus the matrix elements V ei3j are time- independent and 
the density-matrix equations in terms of p and V can be 
easily solved numerically. 

III. LINESHAPE QUALITATIVE DISCUSSION 

As a case study to investigate the linewidth of the 
bright resonance, we consider an hypothetically closed 
F g = 1 — > F e = 2 transition, with Clebsch-Gordon coeffi- 
cients as in Fig. [I]. Moreover we will examine the bright 
resonance by choosing for the atomic basis two different 
quantization axis, i.e. parallel and perpendicular to the 
magnetic field direction. 

F e =2 




F g =1 
M p = 



FIG. 1. Interaction scheme for a F g = 1 — > F e = 2 tran- 
sition resonant with linearly polarized laser light for two dif- 
ferent choices of the atomic basis. For a quantization axis 
collinear to the light wavevector, the interaction with the light 
results in a + , a~ excitation (solid lines). For a quantization 
axis collinear to the light polarization, 7r-excitation is pro- 
duced (dashed lines). The Clebsch-Gordan coefficients for 
the different transitions are reported. 



A quick look to the OBE shows that the decay rate 
for the optical coherences in Eq. (4b), and of the excited 
state populations and Zeeman coherences in Eq. (4a) 
is on the order of T, the natural width. Thus, in or- 
der to modify significantly the excited state populations 
or coherences related to the excited state, the magnetic 
field should be strong enough, i.e. the Larmor frequency 
should be on the order of T. On the other hand, the nat- 
ural width does not appear explicitely in Eq. (4c) for the 
populations and the coherences in the ground state mul- 
tiplicity. As immediate consequence, the narrow features 
can be originated from what occurs in the ground state. 
In the case of a closed transition a steady state can be 
reached and a particularly simple situation is the limit of 
weak saturation, where the laser field can be treated as 
a perturbation. It is well known that in this case the ex- 
cited state can be adiabatically eliminated, leading to an 
effective master equation for the density matrix of the 
ground state These approximations result in opti- 
cal coherences proportional to the amplitude of the laser 
field and excited state populations proportional to the 
light intensity. The characteristic evolution rate for the 
ground state populations and coherences is then given by 
the parameter V known as the optical pumping rate and 
defined by 



r' 



(13) 



2 S 2 +T 2 /4' 

The choice of the quantization axis is also a crucial point. 
Clearly, when one introduces a magnetic field, the quan- 
tization axis is usually taken along this field. However, 
because the narrow structures are expected for very weak 
magnetic fields, a better physical insight can be obtained 
in the natural basis given, when B=0, by the light polar- 
ization. In this basis, the steady state populations for the 
ground sublevels are II±i = 4/17 and n = 9/17. The 
atoms accumulate mostly in the level more interacting 
with the light field (bright state) , leading to a maximum 
in the fluorescence. When a magnetic field orthogonal to 
the quantization axis is applied, the populations of the 
ground states will be partially redistributed, because the 
Zeeman states are no more eigenstate of the energy for 
B / 0. Thus the population of levels weakly coupled to 
the excited state will increase at the expenses of the pop- 
ulation of the bright states. This redistribution, leading 
to a decrease of the fluorescence rate, explains the bright 
resonance. To couple efficiently the Zeeman sublevels the 
Larmor frequency has to be of the order of the relaxation 
rate of the coherences or, in the case of a non-zero laser 
detuning, of the order of the energy separation due to 
the light-shift. Because the relaxation rate of the coher- 
ences is r', a narrow feature is expected, even if a more 
careful examination is needed to give the proportionality 
coefficient. Notice also the strong analogy with the Ra- 
man spectroscopy of a + — cr _ optical molasses, where a 
two-photon process couples the Zeeman sublevels |25| . 

If the magnetic field is used as quantization axis, a dif- 
ferent description of the process originates with a creation 
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of Zeeman ground state coherence at zero magnetic field 
and its destruction at non zero values of magnetic fields 
characterizing the bright resonance. In fact the density 
matrix investigation required to analyse the Hanle effect 
with quantization axis along the magnetic field direction 
is formally equivalent to that of the polarization gradient 
mechanism denominated as a + — o~ configuration. In 
it was shown that the equivalence is realized by replac- 
ing the atomic Larmor frequency in the applied magnetic 
field with the Doppler shift of the atoms moving within 
the cooling laser field. Thus the equations derived for 
the ground-state populations and coherences in those ref- 
erences eliminating adiabatically the optical coherences 
and the excited-state populations and coherences may be 
used to analyze the coherence creations in the bright line 
Hanle effect. Let C r and C\ be the real and imaginary 
parts of the ground state coherence p gig _ 1 

P gig ^=C r +iCi (14) 

and let IT be the ground state populations 

n* = pg igi (15) 

For a weak laser intensity, such that the adiabatic elimi- 
nations can be applied, the equivalence with the analysis 
of ref. allows us to write a closed set of five equations 
for the ground state populations and coherences 
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where we have introduced the light shift 8' 
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and p g — g g pB- Introducing the population difference 
d = IIi — II_i and using the relation H-i + H± = 1 — n , 
Eqs. ( jlq ) may be rewritten as 
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The fluorescence signal is proportional to the total ex- 
cited state population. In the low saturation limit, the 
population of each excited state may be expressed as a 
function of the ground state quantities 
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The total excited state population at the steady state Tl e st 
is 
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Thus the variation in the fluorescence with the magnetic 
field is associated to the modification of the ground state 
coherence with the magnetic field. The laser interaction 
produces a large coherence, 5/34, between the rap = — 1 
and rriF = 1 Zeeman sublevels. Increasing the magnetic 
field the coherence C' r is reduced from its maximum value 
at B = to zero. The equation for C r represents a 
narrow bright resonance whose HWHM AB is 
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The contrast C, defined as the amplitude of the narrow 
resonance divided by the amplitude of the homogenous 
broadened line, is 3/85, independent of the Rabi fre- 
quency and laser detuning in the limit of low-saturation. 
Note however that the Rabi frequency and laser detun- 
ing determine the time scale to reach the steady state, as 
from the Eq. @ for F. 

On the other hand, when the polarization of the light is 
circular, the population accumulates in the m=+l sub- 
level and a magnetic field along the quantization axis 
does not redistribute the populations. As a consequence, 
one expects no narrow structures in the case of a cir- 
cularly polarized beam with a magnetic field along the 
propagation axis. 



whose steady state solution is 
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IV. NUMERICAL SOLUTION OF THE OBE 

To point out out the basic features of the effect of nar- 
row bright resonances, we have solved the OBE for a 
cold atomic sample, where the laser light excites only one 
atomic hyperfine transition, with only the natural broad- 
ening. Moreover for a cold sample the interaction time 
between laser and atoms may be assumed long enough 
to consider only the steady state solution of the density 
matrix equations. 

The bright line has been detected either on the fluo- 
rescent light emitted by the atomic sample as in exper- 
iment of Ref. 1 22 1, or on the light transmitted by the 
atomic sample, as in the experimental results reported in 
Ref. |p3| . For the fluorescence measurements the bright 
line appear as an increase of the emitted light. For the 
transmission measurements the bright line appears as an 
additional loss, i.e. as a reduced transmission, and an 
increase in absorption. For a laser excited closed transi- 
tion, the atoms reach a steady state, and the fluorescence 
intensity 1(B) emitted from the cold atomic sample inter- 
acting with the laser beam is proportional to the steady 
state total population of the excited state ITf t . Thus the 
dependence of this quantity on the amplitude of the ap- 
plied magnetic field produces the Hanle effect lineshapes 
observed on the fluorescence emission. For the trans- 
mission measurements, we characterize the transmission 
signal T by considering the imaginary part x 01 the sus- 
ceptibility, i.e. the loss per unit wavelength. 



A. Closed Rb D2 line transitions 



We have examined the bright line Hanle signals for 



both the F n 



F P = 3 D9 transition of the the 



Rb isotope and for the F g = 3 — * F e = 4 D2 transi- 



87 

tion of the 85 Rb isotope, with similar results in the two 
cases. Results of the numerical calculation for the total 
stationary excited-state population H e st (B) for 87 Rb are 
reported in Fig. || at different laser intensities. Results 
of the numerical calculation for the susceptibility x" i n 
the case of the F g = 3 — » F e = 4 D2 transition of the the 
85 Rb isotope are reported in Fig. || also for different laser 
intensities. In both cases for comparison also the results 
for circularly polarized laser light have been reported as 
dashed lines. In the case of linearly polarized laser light, 
for small laser intensities a narrow bright resonance ap- 
pears around B — 0, in both fluorescence emission and 
transmission, superposed to a broader line. That nar- 
row feature is more clearly shown in the insets, and is 
absent in the case of circularly polarized laser field. The 
contrast C of the bright resonance is around ten percent 
for both detection schemes and is nearly independent of 
the laser intensity up to intensities of 0.1 mW/cm 2 . At 
larger laser intensities the contrast decreases. Further- 
more the bright resonance disappears at laser intensities 
around few mW/cm 2 . 
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FIG. 2. Steady-state total population of the excited state 
as a function of the applied magnetic field for different laser 
intensities. The calculations refer to the F g = 2 — > F e = 3 
transition of the 87 Rb D2-line. Solid lines correspond to lin- 
early polarized laser light, dashed line to circular polarization. 
The insets evidence the regions around zero magnetic field. 
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FIG. 3. Imaginary part of the total susceptibility versus 
the magnetic field B for different laser intensities in the case 
of the F g = 3 -> F e = 4 transition of the 85 Rb D 2 -line. Solid 
lines correspond to linearly polarized laser light, dashed line 
to circular polarization. 

At high laser intensities, the distribution of the pop- 
ulation in the ground state is irrelevant. It is impor- 
tant instead the number of excited-state levels which 
can be effectively populated. For zero magnetic field, 
the two Zeeman levels edges of the excited state, with 
M e = ±3, are not populated and all the allowed transi- 
tions \g,i) — ► \e,i) are saturated, producing p gi9i — p eiei - 
Therefore the total fluorescence intensity 1(0) becomes 
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independent of the distribution of the atomic popula- 
tion. For non-zero magnetic field also the two Zeeman 
edge states can be occupied as a result of the magnetic- 
field mixing between excited state sublevels, so the total 
excited-state population can increase. This explain the 
high-intensity reversed lineshape appearing in Fig. ^[ 



B. Open F g = 1 



F e = 2 transition of the 
D2-line 



7 Rb 



We consider now the open F g = 1 — > F e = 2 transition 
of the 87 Rb D2-line. For a laser excited open transi- 
tion, the stationary excited-state population is zero |L8| , 
and the fluorescence intensity L mt (B) emitted from the 
atomic sample within the interaction time ii n t depends 
on the time integrated total population Hf nt (B) of the 
excited state defined by 



/ int (B)=rnf nt (B)=r 



Il e (B,t)dt. 



(24) 



(23) 



By numerically solving the optical Bloch equation, we 
calculated the integrated excited-state population IIf nt , 
Eq. (g^), as reported in Fig. |[ The plots indicate that 
in this case there is no bright resonance. Such a result 
is in agreement with that of Akulshin et al |J derived 
for a bichromatic configuration: subnatural resonances 
do not occurr in open transitions. In fact, as discussed 
previously, the phenomenon of bright resonances corre- 
sponds to the redistribution, via optical pumping, of the 
population in the ground state with an accumulation into 
the levels maximally coupled to the excited state. The 
presence of a channel of decay out of the levels excited by 
the laser contrasts this accumulation: the strong transi- 
tions are depleted at a higher rate than the weak ones. 
For a loss rate large enough, the depletion dominates and 
no bright resonance occurs. Finally, for sufficiently large 
interaction times and laser intensities, the atomic states 
are completely depleted by the laser. 

The analysis of Ref. 01| has shown that the time- 
integrated excited-state population depends only on the 
loss parameter otF B =2^>F g =i;F , , and is independent of 
the magnetic field, for a range within the homogeneous 
linewidth. The flat spectra of Fig. |4| at large laser inten- 
sities are produced by those dependencies. 



C. Closed F g = 4 — > F e = 5 transition of the Cs D2-line 

In the work of Theobald et al jl(| the Hanle effect 
on the different hyperfine transitions of the Cs D2-line 
was investigated for applied linearly-polarized broadband 
laser radiation. Their result for the closed F g = 4 — > 
F e — 5 transition is, at first sight, in disagreement with 
our general conclusion for a F g = F — > F e = F + 1 
transition. 
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FIG. 4. Total population of the excited state integrated 
over an interaction time i/ = 100r as a function of the applied 
magnetic field for different laser intensities. The calculations 



refer to the F„ 



2 transition of the Rb D2-line. 



Solid lines correspond to linearly polarized laser light, dashed 
fine to circular polarization. 
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FIG. 5. Steady-state total population of the excited state 
as a function of the applied magnetic field at different laser in- 
tensities, for the F g — 4 — > F e — 5 transition of the Cs D2-line. 
Solid lines correspond to linearly polarized laser light, dashed 
line to circular polarization. 

In fact in that experiment the measured intensity of 
the fluorescence from the atomic sample was almost con- 
stant around zero magnetic field, for a laser intensity of 
2 mW/cm 2 and an interaction time of 12 fxs. In order to 
clarify this point, we solved the optical Bloch equations 
also for the F g = 4 — ► F e = 5 closed transition of the 
cesium D2 line. Results for U^ t are shown in Fig. 0. 

The dependence of the excited-state population on the 
magnetic field at different laser intensities and polariza- 
tions is completely analogous to the behaviour observed 



for the closed F„ 



F -> F P 



F + 1 transition of the 
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85 Rb and 87 Rb, therefore confirming the general validity 
of this behaviour. However the results of Fig. || clarify 
why in the experiment of Theobald et al the fluorescence 
intensity was almost constant around zero magnetic field: 
in the experimental investigation the laser intensity was 
beyond the low-saturation regime, in which sharp bright 
resonances occur. 



V. CONCLUSIONS 

We studied theoretically the Hanle effect on closed 
F g = F^F e = F + l transitions. Both cases of lincar- 
and circular-polarized laser excitation have been consid- 
ered. An analytic solution of the optical Bloch equations 
has been given for a closed F g = 1 — * F e = 2 transition. 
Numerical solutions have been obtained for the transi- 
tions corresponding to available experimental data. 

For the examined closed transitions resonant with 
a linear polarization laser field, bright resonances, i.e. 
sharp increases of the absorption have been reproduced 
around zero magnetic field at low laser intensities. The 
enhanced absorption corresponds to the accumulation, 
via optical pumping, of the atomic population in the 
ground states maximally coupled to the excited state. 
The application of a magnetic field perpendicular to the 
light polarization redistributes the population among the 
ground state sublevels, and results in a decrease of the flu- 
orescence intensity. At increasing intensities of the linear- 
polarized laser field, the strength of the bright resonance 
is progressively reduced, and in the saturation regime of 
the optical transition a decrease of the absorption around 
zero magnetic field is produced. 

Our calculations for open transitions have confirmed 
that the bright resonance does not generally occurs for 
this kind of transitions. In effect for open transitions the 
laser field will empty the ground state with a rate similar 
to that needed to redistribute the ground state popu- 
lation. Furthermore it should be pointed out that the 
bright-line production requires an optical pumping pro- 
cess. Thus, depending on the applied laser intensity, the 
interaction time should be long enough to let the atoms 
reach their steady state. For instance, the steady state 
was not reached in Ref. (2(J where it was demonstrate 
that for sufficiently weak light intensities the bright reso- 
nance disappears, because the redistribution of the pop- 
ulation in the ground state was not achieved. 
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